of therapy, either alone or in combination with other modalities. This Review will provide an overview of historical and contemporary approaches to androgen deprivation in patients with advanced prostate cancer, and address its current clinical indications: either as monotherapy or in combination with local therapy. Mechanisms of resistance to classical androgen deprivation, which might be exploited to therapeutic effect in early and late-stage cancer, will be discussed, as will several promising new therapies that are undergoing early assessment.
HIstorICAL ApproACHEs to AndrogEn dEprIvAtIon tHErApy
Prostate cancer has been recognized as an androgen-sensitive disease since the seminal work of Huggins and Hodges in 1941. 4 Nearly seven decades later, clinicians and researchers still struggle to completely understand and optimize androgen deprivation therapy (ADT). Testosterone and dihydrotestosterone (DHT) are the two major androgens in men, with testosterone present mainly in circulation, and DHT the primary androgen in prostatic tissues. The Leydig cells of the testis produce 90-95% of circulating testosterone, with 5-10% of circulating testosterone synthesized in the adrenal glands. 5 By contrast, DHT primarily arises from conversion of testosterone to DHT at the tissue level by the two isoforms of 5α-reductase, S5A1 and S5A2. About 25% of circulating DHT is produced in the testes, with the remaining 75% produced in tissues such as the prostate and skin. 6 The standard paradigm describes circulating testosterone and other androgen precursors diffusing through the prostate, with uptake and transport into the prostatic epithelium, and subsequent tissue-level conversion to DHT.
Androgens function predominantly through their action on the androgen receptor (AR), a member of the steroid hormone receptor family of ligand-activated nuclear transcription factors. Compared with testosterone, DHT binds the AR in a more stable manner, leading to a 10-fold increase in transcriptional activation, which makes DHT the primary ligand and effector of AR-mediated signaling at the tissue level. 6, 7 The AR exists in the cytoplasm, bound to heat shock proteins, which stabilize the AR and allow androgen binding. Upon ligand interaction, the AR homodimerizes, undergoing phosphorylation and translocation to the nucleus, where it binds androgen response elements and induces transcription of target genes involved in cellcycle regulation and proliferation ( Figure 1 ). [8] [9] [10] As androgens have a critical role in driving prostate cancer growth, physicians have utilized ADT to achieve drastic reductions in the rates of testicular androgen synthesis and levels of circulating androgens, thereby minimizing AR ligand availability and subsequent AR-mediated proliferative effects on the prostate. Common Historically, circulating testosterone levels have been used to assess the efficacy of androgen depletion, with a target total testosterone level below 50 ng/dl (<1.74 nmol/l). This target is defined on the basis of the level of suppression achieved with surgical castration, and remains the benchmark for evaluating the efficacy of agents such as GnRH agonists. 11 In men with prostate cancer, orchiectomy reduces serum testosterone to anorchid levels within 12 h, with rapid reduction of tumor burden, glandular atrophy, and involution of the prostate. In xenograft models, cellular proliferation decreases with castration, and apoptotic rates increase within 3 days. Interestingly, proliferation and apoptosis indices in both malignant and benign tissue normalize by day 7-10 after castration, suggesting limited extent and duration of cell death with ADT. 12 The use of GnRH agonists (with antiandrogens) induces similar but delayed effects, as a result of the slower decline in testosterone levels seen with these agents compared with surgical castration. 13,14 Additionally, castration induces epithelial cell-cycle arrest of malignant cells in G0-G1 phase. Given that these cells eventually exit cell-cycle arrest and progress to androgen independence, concurrent targeting of the arrested cell population might represent a potential therapeutic strategy to prevent progression to castration-resistant prostate cancer (CRPC). 15 In current clinical practice, the use of GnRH agonists is the preferred means of achieving anorchid testosterone levels. Cyclic GnRH stimulation of the anterior pituitary results in the release of luteinizing hormone (LH), which in turn stimulates testicular androgen synthesis in the normal host. Depot GnRH agonists, such as leuprolide, goserelin, buserelin and others, induce an initial transient increase in LH release, followed by tachyphylaxis resulting from nonphysiologic and nonpulsatile stimulation of GnRH receptors. Administration of high levels of other sex steroids, such as progesterone or estrogens, achieves similar suppression of LH release through feedback inhibition of the hypothalamic-pituitary axis.
The potential therapeutic benefit of inhibiting both AR ligand production and binding has led to the development of AR antagonists, such as bicalutamide, flutamide and nilutamide; however, the relative benefit of combining GnRH agonists or orchiectomy with AR antagonists remains an area of controversy. Meta-analyses of randomized studies have suggested a small, albeit consistent, benefit to the use of combined blockade in the treatment of men with metastatic disease. 16 Some consensus panels recommend consideration of combined androgen blockade, given an apparent 5% survival advantage and limited additional toxicity over castration alone. 11 At present, combined blockade is most commonly employed as a component of neoadjuvant and concurrent ADT with radiation therapy, and in intermittent androgen suppression. 17, 18 IndICAtIons For AndrogEn dEprIvAtIon tHErApy ADT prolongs overall survival, produces an objective response in bone and soft tissue metastatic disease, relieves bone pain, and suppresses PSA levels in 80-90% of patients with metastatic prostate cancer. While a dramatic initial response to therapy is common, ADT in metastatic disease is considered palliative, as disease progression despite anorchid serum testosterone occurs at a median of 2-3 years, with a subsequent expected survival of 16-18 months from the time of progression. 19 Duration of response to therapy varies, with 5-10% of patients remaining alive 10 years after initiating ADT. 20 A standard approach for patients with metastatic prostate cancer has been the use of either a GnRH agonist or orchiectomy as monotherapy. 16 For patients with symptomatic metastatic disease, a nonsteroidal antiandrogen is often used before or at initiation of GnRH agonists to prevent adverse effects from the resultant initial LH and testosterone surge. In asymptomatic patients with metastatic disease, controversy exists over whether to initiate ADT immediately or to defer therapy. Although immediate initiation of ADT does not confer a clear overall survival advantage in these patients, it does improve cancer-specific survival and reduces the incidence of spinal cord compression, pathologic fracture and the need for palliative transurethral resection of the prostate. 21 Numerous randomized trials have demonstrated a benefit of combining androgen (Table 1) . [22] [23] [24] [25] Potential benefits of androgen deprivation include optimized radiation-induced apoptosis in local disease, and suppression of systemic micrometastasis. 26 The trials reported in Table 1 varied with respect to the definition of high-risk disease, as well as the timing and duration of ADT, but essentially all have shown significant improvements in long-term local, distant and biochemical control. Although improvements in overall survival have been less convincingly demonstrated, the combination of ADT and radiation therapy is widely accepted to improve outcomes for patients with locally advanced disease. Most regimens include ADT monotherapy or combined blockade for 2 or 3 months before radiation therapy, concurrent therapy, and a variable duration of adjuvant treatment. Retrospective analyses suggest a benefit of combined blockade, 27 although the relative benefits of combined blockade versus monotherapy in this setting have not been evaluated in randomized trials. For patients with intermediate-risk disease without significant comorbidity, 6 months of combined blockade plus radiation therapy carries an overall survival advantage compared with radiation therapy alone. 17,25 One, as yet unpublished, randomized study in patients with high-risk cancer has described better outcomes with 3 years' ADT compared with 6 months' ADT. 28 The benefits of combining ADT with radiation therapy have not been compared to those of dose escalation for patients with intermediate-risk disease. Until such studies have been completed, either 6 months of ADT or increasing the radiation dose remain standard options for patients with intermediate-risk disease undergoing radiation therapy.
Adjuvant ADT has been clearly shown to improve overall survival in men found to have nodal metastasis after prostatectomy. 29, 30 In a randomized, multi-institutional trial that assessed men with nodal disease detected at radical prostatectomy with pelvic lymphadenectomy, immediate GnRH agonist therapy or bilateral orchiectomy was associated with improved overall survival, cancer-specific survival and progression-free survival, compared with deferred hormonal therapy. After an 11.9-year median follow-up, median survival duration differed significantly between the immediate and deferred therapy subgroups (13.9 years vs 11.3 years). This finding is in contrast to that of the EORTC trial 30846, which found no survival advantage of immediate ADT in patients in whom prostatectomy was not completed. 31 Messing et al. 30 attribute this discrepancy to the large volume of residual disease in EORTC trial participants, hypothesizing that the benefits of ADT are probably greatest in patients with a low volume of residual malignant tissue. Additional aspects of ADT that remain controversial include the timing of treatment in patients with biochemical relapse, the utility of ADT alongside salvage radiotherapy, and the benefits of ADT alone in patients with locally advanced prostate cancer. 32, 33 Contemporary analyses suggest that the use of primary ADT does not provide significant improvements in survival for the majority of elderly men with localized disease. 34 toxICItIEs oF AndrogEn dEprIvAtIon tHErApy Several Reviews have described the toxicities of androgen deprivation. 35, 36 ADT is associated with a number of adverse effects on quality of life, including sexual dysfunction, muscle atrophy, osteoporosis, hot flashes, fatigue, gynecomastia, anemia and, in some patients, depression and cognitive dysfunction. 37 ADT can also induce the metabolic syndrome, which seems to account for the increased incidences of diabetes and cardiovascular morbidity and mortality associated with ADT. 35, 36 MECHAnIsMs oF rEsIstAnCE to AndrogEn dEprIvAtIon tHErApy
The efficacy of different approaches to androgen suppression has been defined according to the capability to consistently achieve serum levels of total testosterone below 50 ng/dl. When progression occurs despite maintenance of anorchid serum androgen levels, the disease has been considered to be 'androgen-independent' or 'hormone-refractory'. These labels result from the assumption that serum androgen concentrations reflect androgen levels in the prostate and metastatic sites; nowadays, the term 'castration-resistant' is preferred. Several theories addressing the mechanism by which CRPC develops have been well described in the literature (Figure 2) . 9, 19 In general, these theories either incorporate the concept of continued AR signaling via alternative pathways, or invoke truly AR-independent mechanisms.
Continued signaling through the AR has been postulated to occur via AR amplification, or via AR mutation that increases sensitivity to DHT and nonandrogenic steroid molecules or antiandrogens. 9,38 Other possible AR-dependent mechanisms include activation of the AR or downstream effectors via ligand-independent modifications, such as AR phosphorylation; 39 cross-talk with activated tyrosine kinase receptors, such as EGFR; or a change in the balance of coactivators and corepressors. Most proposed mechanisms implicate increased sensitivity of the AR to low-level androgens, consistent with the finding that, for wild-type AR, the ligand binding domain is necessary for the development of resistance to castration. 38 Other hypotheses suggest that resistance develops via bypass of intact AR pathways, and protection of cells from castration-induced apoptosis through androgen-independent upregulation of antiapoptotic molecules, such as Bcl-2. 40 Finally, some authors have suggested that AR-negative stem cells that are resistant to castration might continuously repopulate the prostate with both androgen-dependant and androgen-independent cells. 19 
pErsIstEnCE oF tIssuE AndrogEns dEspItE CAstrAtIon
Evidence suggests that patients with anorchid serum testosterone concentrations maintain prostatic androgen levels sufficient to support AR signaling and cancer cell survival. Early reports demonstrated that, in patients with localized prostate cancer, orchiectomy or medical castration suppressed intraprostatic DHT levels by only 75-80%, leaving tissue DHT levels well within a range anticipated to activate the AR. 41 More-recent analysis of tissue from men undergoing short-term ADT demonstrated that prostatic testosterone and DHT levels were reduced by 70-80%, although very limited suppression of transcripts for androgenregulated genes was observed. 42 In patients with established CRPC, prostate tumors contained testosterone levels equivalent to those found in the prostatic tissue of untreated men, with DHT levels decreased to 20% of those in untreated tissue. 43 Soft tissue metastases in patients with anorchid serum testosterone contain levels of testosterone that are up to three times higher than those in prostate tumors in eugonadal men. 44 Transcript levels of enzymes involved in androgen synthesis were upregulated in the same tumors (8-30-fold), suggesting that tumoral synthesis of androgens from cholesterol might occur. Bone metastases in patients with CRPC also contain intact enzymatic pathways for the conversion of adrenal androgens to DHT. 45 Finally, androgen-independent prostate cancer cell lines synthesize testosterone from radiolabeled cholesterol in vitro, 46 and human prostate cancer xenografts are capable of synthesizing DHT from acetate and cholesterol, confirming that tumoral androgen synthesis is possible. 47 Thus, experimental and clinical evidence suggests that enzymes of tumoral steroid metabolism can support CRPC, and might provide multiple new targets for therapeutic intervention.
ContEMporAry ApproACHEs to AndrogEn dEprIvAtIon tHErApy
Alternatives to the standard ADT discussed above have been explored, with the hope of reducing toxicity and circumventing various mechanisms of resistance to therapy. Compelling preclinical data have suggested that allowing testosterone recovery after a period of androgen deprivation would help prevent the development of resistance by lessening the selection pressure for tumor growth in low-androgen conditions. 48 Early institutional series of intermittent androgen suppression (IAS) demonstrated that 'cycling'-periods of androgen deprivation followed by off-cycle periods-was safe, and provided similar, if not superior, rates of control, and improved cognitive, sexual and bone health, compared with monotherapy. [49] [50] [51] The design of IAS studies has varied substantially; for example, employing GnRH agonists with or without a nonsteroidal antiandrogen, on-treatment cycles lasting 3-9 months, and different triggers for initiation of subsequent cycles. 49 Several trials, including various phase II studies and interim analyses of phase III trials, suggest improvement in terms of quality of life, cardiovascular events and osteoporosis, among other benefits, with IAS. 52, 53 Rates of overall survival and progression to CRPC seem to be equivalent to those seen with continuous therapy, according to several phase II trials and early phase III data. 18 In preliminary results from one phase III trial of 201 patients with biochemical progression who were randomized to IAS versus combined androgen blockade, no significant differences were noted between groups in time to progression to CRPC at a median follow-up of 31 months. 54 Initial results from a second phase III trial of 766 patients with locally advanced or metastatic prostate cancer who were randomized to IAS or combined androgen blockade showed no difference in overall survival or progression to CRPC at a median follow-up of 51 months. 55 As patients receive IAS drugs at approximately half the rate that they would with continuous treatment, this approach might reduce costs, with equivalent control rates. The final results of several ongoing large phase III trials are eagerly awaited.
Estrogens have had something of a renaissance as an alternative and viable mode of androgen deprivation in men with prostate cancer. Estrogens can achieve anorchid testosterone levels through negative feedback of the hypothalamic-pituitary axis, thus reducing LH production, 56 and might engage multiple additional mechanisms to suppress prostate cancer growth. First, estrogen activates both the α and β isoforms of estrogen receptor (ER). ERα induces proliferation, and is necessary for prostate carcinogenesis in multiple models. 57 ERβ, however, seems to suppress carcinogenesis and slow prostate cancer growth. 58 ERβ activation is, therefore, another potential mechanism of suppressing prostate cancer growth. Estrogens might also suppress tumor growth through competition with androgens for AR binding, and reduce testicular testosterone production. 59 In patients with CRPC, the nonsteroidal estrogen diethylstilbestrol (DES) reduces circulating levels of adrenal androgens, 60 potentially abrogating a source of androgens for tissue metabolism to testosterone and DHT.
DES has long been used to treat advanced prostate cancer, with demonstrated efficacy as a primary hormonal agent and, more recently, as a secondary hormonal manipulation. In the Veterans Administration Cooperative Urological Research Group (VACURG) studies, DES at higher doses (5 mg daily) delayed progression to metastatic disease and improved cancer-specific survival in patients with locally advanced disease compared with orchiectomy; however, overall survival was similar for the two treatments, owing to high rates of fatal cardiovascular toxicity. 61 In CRPC, low-dose DES produces PSA responses, lasting an average of 6 months, in 30-40% of patients, with symptom improvement noted in at least one trial. These benefits are obtained at the expense of increased cardiovascular toxicity, occurring in 5-28% of cases. 56 Renewed interest in estrogen-based therapy has been driven by the recognition that estrogens might offset some of the toxicity of standard ADT. Transdermal administration of estrogen avoids hepatic first-pass metabolism, limiting the risk of cardiovascular toxicity. In small institutional series, the potential advantages of transdermal estradiol over standard ADT were found to include improvements in bone density, dyslipidemia and some elements of cognitive function in men with advanced prostate cancer. 62, 63 The majority of the benefits of estradiol have been shown in patients receiving this agent as primary therapy, and its utility in men with CRPC is limited, as it is associated with relatively low PSA response rates. 64, 65 Larger studies investigating the use of transdermal estrogens and ERβ-specific agonists might provide more insights into how estrogen therapy could be best incorporated into standard ADT.
The use of GnRH antagonists, which completely block the release of LH, has the potential to avoid the LH and testosterone surge associated with the initiation of GnRH agonists. These agents act relatively rapidly in most cases, with anorchid levels of testosterone achieved in 1-3 days. The GnRH agonist degarelix has just been approved in the US for clinical use in patients with advanced prostate cancer, and provides an alternative therapeutic approach for patients with locally advanced or metastatic disease. 66 nEw HorIzons In AndrogEn dEprIvAtIon tHErApy
As discussed above, an incomplete response to ADT and subsequent disease progression might be mediated by continued AR signaling. Several investigational drugs in preclinical and early clinical trials have been designed to address this potential mechanism of resistance. MDV3100 (Medivation Inc., San Francisco, CA) is a small-molecule, pure AR antagonist that inhibits AR nuclear translocation and DNA binding. The drug was selected as a result of its activity in models of AR overexpression, in which conventional antiandrogens develop agonist properties. Xenograft models have demonstrated significant reductions in cancer volume with MDV3100 in comparison with bicalutamide monotherapy, which showed no effect. 67 Recently presented results of phase I-II studies in humans showed significant PSA reductions in 13 of 14 patients with CRPC who were treated for over 4 weeks with MDV3100. The drug was well tolerated, and no clinical or radiographic progression was noted in the six patients who were observed for 14 weeks. 68 Abiraterone acetate (Cougar Biotechnology, Los Angeles, CA) is an orally administered, specific inhibitor of CYP17A1, a rate-limiting enzyme in androgen biosynthesis. Inhibition of enzymatic activity at two sequential steps in the androgen biosynthesis pathway leads to reduced dehydroepiandrosterone and androstenedione synthesis, which limits subsequent conversion to testosterone and DHT. Given the key role of CYP17A1 in androgen production, inhibition of this enzyme would be expected to suppress androgen production in all endocrine organs, including the testis, adrenal glands, and www.nature.com/clinicalpractice/uro postulated tumoral sites of androgen production. 69 Abiraterone acetate has been evaluated in a phase I trial of patients with metastatic CRPC who had undergone multiple hormonal manipulations before enrollment. 58 Significant clinical activity was noted in this trial, with PSA reductions of at least 50% occurring in 57% of patients, and symptomatic and radiographic improvement documented in some cases. Preliminary phase II data of abiraterone acetate in patients with CRPC after failure of docetaxel-based chemotherapy have also been presented. Overall, the treatment was well tolerated, with 45% of patients achieving a PSA nadir to less than 50% of baseline level, and 38% of patients demonstrating a partial radiologic response or stable disease at 12 weeks. 70 The relatively high response rates to the CYP17A1 inhibitor abiraterone acetate and the AR antagonist MDV3100 in patients with CRPC supports the hypothesis that tumoral androgen synthesis and continued AR signaling have a role in the pathogenesis of CRPC. 69, 71 Other agents are being developed to suppress tissue androgen production. An exciting drug in preclinical evaluation, VN-124-1 (Tokai Pharmaceuticals, Inc., Cambridge, MA), combines the advantages of CYP17A1 inhibition, AR antagonism and reduced AR protein synthesis. In vitro models have demonstrated potent AR antagonism in binding assays and inhibition of CYP17A1 enzymatic activity, while in vivo xenograft models showed reduced tumor burden in mice treated with VN-124-1 versus those undergoing castration or bicalutamide monotherapy. 72 Suppression of AR protein synthesis-an additional mechanism of action that might prevent resistance developing through AR amplification-was also demonstrated both in vitro and in vivo. This combination of effects might also suppress AR ligand activity of upstream steroid precursors, which theoretically accumulate with CYP17A1 inhibition, and which might bind the AR and initiate downstream effects. 72, 73 New combinations of agents that are already commercially available might also improve androgen deprivation strategies. An ongoing study 74 assessing men with CRPC and biochemical progression combines dutasteride and antiandrogen therapy, hypothesizing that the increase in the ratio of testosterone:DHT provided by dutasteride might improve the efficacy of antiandrogens.
ConCLusIons
Advances in our understanding of the mechanisms that contribute to CRPC are leading to rationally designed therapies that target androgen metabolism and the AR. Minimizing the adverse effects of therapy while diminishing androgen-mediated activity at the tissue level through inhibition of testicular, adrenal and tumoral androgen production holds promise for improving survival outcomes. The results of large trials investigating the optimization of primary ADT, including the evaluation of IAS and estrogen patches, as well as phase III studies of novel androgen synthesis inhibitors, such as abiraterone acetate, are eagerly awaited. The use of novel agents, either as monotherapy or in combination, might prevent the development and progression of CRPC, improve quality of life, and extend survival.
KEy poInts

■
Androgen deprivation therapy remains a critical component of treatment in men with advanced prostate cancer, and data supports its use in metastatic disease and in conjunction with surgery or radiation therapy in specific settings ■ Alternatives to standard androgen deprivation therapy, such as intermittent androgen suppression and estrogen therapy, hold the potential to improve toxicity profiles while maintaining clinical benefit ■ Current androgen deprivation strategies seem to incompletely suppress androgen levels and AR-mediated effects at the tissue level ■ Multiple mechanisms are implicated in the development of castration resistance, but the majority involve continued activation of the AR, which might be targeted by novel therapeutic agents 
